Simultaneous flight measurements with the research aircraft Do 128 and the helicopter-borne turbulence probe Helipod were performed on 18 June 1998 during the LITFASS-98 field experiment. The area-averaged turbulent vertical fluxes of momentum, sensible, and latent heat were determined on a 15 km Â 15 km and a 10 km Â 10 km flight pattern, respectively. The flights were carried out over heterogeneous terrain at different altitudes within a moderately convective boundary layer with Cumulus clouds.
Summary
Simultaneous flight measurements with the research aircraft Do 128 and the helicopter-borne turbulence probe Helipod were performed on 18 June 1998 during the LITFASS-98 field experiment. The area-averaged turbulent vertical fluxes of momentum, sensible, and latent heat were determined on a 15 km Â 15 km and a 10 km Â 10 km flight pattern, respectively. The flights were carried out over heterogeneous terrain at different altitudes within a moderately convective boundary layer with Cumulus clouds.
Co-spectra-analysis demonstrated that the small scale turbulent transport was completely sampled, while the comparatively small flight patterns were possibly of critical size regarding the large-scale turbulence. The phygoide of the airplane was identified as a significant peak in some cospectra. The turbulent fluxes of momentum and sensible heat at 80 m above the ground showed systematic dependence on the location of the flight legs above the heterogeneous terrain. This was not observed for the latent heat flux, probably due to the vertical distribution of humidity in the boundary layer.
Statistical error analysis of the fluxes F showed that the systematic statistical error ÁF was one order of magnitude smaller than the standard deviation F . The difference between area-averaged fluxes derived from simultaneous Helipod and Do 128 measurements was much smaller than F , indicating that the systematic statistical error was possibly over-estimated by the usual method.
In the upper half of the boundary layer the airborne-measured sensible heat flux agreed well with windprofiler=RASS data. A linear fit was the best approximation for the height dependence of all three fluxes. The linear extrapolations of the latent and sensible heat fluxes to the ground were in good agreement with tower, scintillometer, and averaged groundstation measurements on various surface types. Systematic discrepancies between airborne and ground-based measurements were not found.
Introduction
Airborne measurements of meteorological parameters within the planetary boundary layer are of great interest for investigating the water and energy balance between the surface and the atmosphere as well as for parameterization and modeling exchange processes. A present-day research topic is the development of turbulent flux estimation methods for heterogeneous terrain. In this context, representative spatial data from aircraft measurements are a valuable standard of comparison for the results of averaging strategies from ground-based observations -at least on exemplary days. With this intention a one-day flight experiment was performed near the Meteorological Observatory Lindenberg (MOL) on 18 June 1998, complementary to the ground-based measurements carried out during the LITFASS-98 experiment. A description of the LITFASS project (Lindenberg Inhomogeneous Terrain -Fluxes between Atmosphere and Surface: a Long-Term Study) is given by Beyrich et al. (2002b) . The main objective of airborne observations in LITFASS-98 was to complement ground-station measurements, remote sensing results, and numerical models with spatially representative data measured over the LITFASS site, a heterogeneous terrain typical of northern Central Europe.
Since aircraft travel over large distances in a comparatively short time, airborne measurements take a 'snapshot' of the atmospheric flow. Above a certain blending height (Claussen, 1991) the explicit influence of local surface characteristics disappears, and airborne measurements spatially integrate atmospheric parameters. The integration of a large amount of airborne point measurements sampled on a two-dimensional flight track leads to mean values of meteorological parameters. These may be interpreted as spatially representative, valid for the duration of the flight and for the surrounding area. The main aim of the analysis presented here was to determine area-averaged turbulent surface energy fluxes from flight measurements and to compare the results with ground-based observations above various surface types.
To determine turbulent surface fluxes from airborne measurements, a three-dimensional flight pattern (3D-box pattern) is usually used (e.g., Scherf and Roth, 1997; Grunwald et al., 1998; Schr€ o oter et al., 2000) . This pattern consists of horizontal, square-shaped flight tracks at different altitudes within the boundary layer. The mean turbulent fluxes determined at each height are extrapolated to the ground in order to evaluate the surface flux. This method is generally useful in stationary situations if a linear flux profile can be assumed. Unfortunately, systematic differences between ground-based and airborne measurements have often been reported and lessen the reliability of airborne flux measurements (Desjardins et al., 1989; Andr e e et al., 1990; Betts et al., 1990; Betts et al., 1992; Kelly et al., 1992; Mahrt and Ek, 1993; Mann and Lenschow, 1994; Emeis, 1995; Grunwald et al., 1996) . In most cases the discrepancies were explained with filter effects, spectral bandwidth of the airborne sensors, and too short flight tracks. To quantify the latter, a complex statistical error analysis has been introduced in several publications (e.g., Lumley and Panofsky, 1964; Lenschow and Stankov, 1986; Lenschow et al., 1994) . For the present measurements, parts of the error analysis were extracted and slightly modified. Filter effects and the bandwidth of measured turbulent fluxes were analyzed using co-spectra. To identify dependence of the measured fluxes on sensor equipment or flight distance, two different airborne turbulence measurement systems, the Do 128 'IBUF' and the Helipod, were used simultaneously on different flight patterns in LITFASS-98. For the direct comparison, a special flight strategy was worked out that took the individual mission speeds of the two systems into account.
Measurement equipment
During the LITFASS-98 flight experiment the long-term operating systems at the MOL were complemented by two different airborne systems: the Do 128 research aircraft of the Technical University of Braunschweig, Germany, and the helicopter-borne system Helipod, at that time owned by the University of Hannover, Germany.
Do 128
The Do 128 with the call sign D-IBUF (Fig. 1) is a proven and very reliable meteorological research aircraft. For over ten years the system has participated in many meteorological campaigns. Technical descriptions are given by Hankers (1989) and Corsmeier et al. (2001) . The twin-engined research aircraft operates at an airspeed of 60 ms À 1 with an endurance up to five hours. The system was re-equipped in 1999=2000 in order to achieve a higher sampling rate and to increase the accuracy of turbulence measurements (Brinkmann, 1999) , though in LITFASS-98 the Do 128 still operated with its old equipment, briefly characterized in Table 1 . The sampling rate of 25 Hz led to a horizontal measurement-point distance Ás of 2.4 m. Humidity and temperature sensors were mounted at the nose of the aircraft. The wind vector was measured with a 5-hole probe on a 2.6 m noseboom in combination with GPS and INS on board. Taking the spatial arrangement of the sensors, the measurement-point distance Ás, and disturbing effects of fuselage and wings into account, the Do 128 could resolve turbulent structures down to r sys ¼ 5 m.
